This review presents evolving concepts of how the human uterus contracts in pregnancy, with emphasis on the mechanisms of long-distance signaling. Action potential propagation has historically been assumed to be the sole mechanism for signaling and tissue recruitment over both short and long distances. However, data in animals and humans indicate that a single action potential does not travel distances greater than a few centimeters. To address this enigma, a long-distance signaling mechanism based on hydraulic signaling and mechanotransduction is developed. By combining this mechanism for long-distance signaling with the action potential propagation mechanism for signaling over short distances, a comprehensive dual mechanism model (or 'dual model') of uterine function is formulated. Mechanotransduction is an accepted phenomenon of myometrium, but the dual model identifies mechanotransduction as relevant to normal labor. For hydraulic signaling, a local contraction slightly increases intrauterine pressure, which globally increases wall tension. increased wall tension then mechanically induces additional local contractions that further raise pressure. This leads to robust, positive feedback recruitment that explains the emergence of consistently strong contractions of human labor. Three key components of the dual model -rapid long-distance signaling, mechanical triggering, and electrical activityconverge with the concept of mechanically sensitive electrogenic pacemakers distributed throughout the wall. The dual model retains excitation-contraction coupling and action potential propagation for signaling over short distances (<10 cm) and hence is an extension of the action potential model rather than a replacement.
introduction
A great deal is known about how uterine cells contract, but there is a large gap of understanding about how billions of myocytes coordinate individual contractions into an organ-level contraction of labor (Lammers 2013) . With the exception of consciousness and self-awareness of the brain, the laboring uterus is the only organ in the human body lacking a generally recognized, well-supported mechanism for primary function. The uncertainty has significant consequences, since it is likely that the development of new methods to modulate human labor has been hindered by lack of a comprehensive model for generating uterine contractions. Additionally, this topic represents a major gap in the knowledge base of practicing obstetrical providers, which perhaps contributes to adverse pregnancy outcomes of individuals.
This paper reviews several models of uterine function, and emphasizes the evolution of the concepts of organlevel signaling. Perhaps because of the analogy with heart function, action potential propagation has been widely believed to be the only mechanism utilized for recruiting tissue in a normal uterine contraction (Smith et al. 2015) . But discrepancies arise when investigating action potential signaling over long distances, which suggests that other mechanisms are needed. The newest model of global uterine function combines fluid mechanics and mechanotransduction for long-distance signaling with action potential propagation for short-range signaling. This dual-mechanism model, or 'dual model', is consistent with animal and human data on long-distance uterine signaling. Earlier versions of the dual model have previously been presented as mathematical simulations (Young & Barendse 2014 , Young 2015 .
Limitations
The topic of this review is uterine contractions during pregnancy, when the uterus is a pressurized organ. It does not address contractions in either the nonpregnant state or very early pregnancy when the uterus is not pressurized. A review is inherently subjective. Some models and mechanisms that are not well supported or were proven inaccurate are not included. Many excellent researchers and coworkers of those mentioned who made major contributions to the field have not been credited because of space limitations. Single quotation marks are used to emphasize specific terminology used by the original authors when defining their model.
intrauterine pressure and the need to globally coordinate uterine contractions for effective labor
Although the quintessential endpoint of labor is cervical dilation, it is critically important that the uterus generate large intrauterine pressures for dilation to occur. Alvarez and Caldeyro-Barcia were the first to reliably measure intrauterine pressure rises caused by human uterine contractions (Alvarez & Caldeyro 1950) . CaldeyroBarcia went on to devise the 'Montevideo unit' for quantifying intrauterine pressure (Caldeyro-Barcia et al. 1957) , and related Montevideo units to the progress of labor. The concept of assessing intrauterine pressure is still relevant and clinically useful for determining the adequacy of uterine contractions.
Jeffcoate was possibly the first to consider the importance of coordinating uterine contractions at the organlevel (Jeffcoate 1948) . Using clinical reasoning, he proposed that the contractions of 'false labor' were 'incoordinate'. Alvarez and Caldeyro-Barcia tested the concept of uterine coordination by measuring local contractile activity in the human uterus first with an early multichannel uterine EMG (Alvarez & Caldeyro 1950) , then with small balloons placed transabdominally into the uterine wall (Caldeyro-Barcia & Poseiro 1959) . While limited to using only three or four sensors at a time, these studies supported Jeffcoate's proposal, concluding that 'pre-labor' contractions are different from labor contractions because of poor coordination.
Csapo, a contemporary of Caldeyro-Barcia, was also a leader in the field. He described a 'transient' condition that is similar to Caldeyro-Barcia's concept of pre-labor contractions. To explain the weakness of the contractions that occur before labor, Csapo proposed 'local contractions' that do not encompass the majority of the uterine wall (Csapo 1970a,b) . He reasoned that the areas of the uterine wall that were not participating in a contraction would elongate when the actively contracting areas increased wall tension, and elongation of the passive areas would attenuate the rises of pressure. Because of this effect, high pressures of labor can be generated only when most of the uterine wall is contracting at the same time in a coordinated manner.
Csapo did not explicitly discuss uterine shape change as an important factor in modulating pressure development, and perhaps over-emphasized the 'all-ornothing' nature of the contractions of excitable smooth muscle, but together with organ-level coordination, these factors largely determine the relationship between contractions of individual myocytes and generation of intrauterine pressure. He did describe how to apply Laplace's Law to provide a quantitative relationship between intrauterine pressure, wall tension, wall thickness, and the local radius of curvature (Csapo 1970a) .
In summary, from Caldeyro-Barcia, we learned that frequent contractions that consistently generate high intrauterine pressures are necessary and sufficient for labor. From Csapo, we understand that in order to achieve the high pressures, the uterus must somehow contract most areas at the same time.
electrical activity, propagation of the action potential, and a uterine contraction Caldeyro-Barcia described his 'triple descending gradient' model of uterine function as a wave-like contraction which starts at the fundus, spreads down the uterus, and decreases in strength and duration as it progresses ( Alvarez & Caldeyro 1950) . The fact that uterine muscle creates bioelectrical activity as it contracts was established at the time, although Caldeyro-Barcia did not emphasize that contractile activity occurs as a direct result of electrical activity.
Detailed investigations into the electrical properties of uterine cells and tissue began in the mid-1950s, and the concept of excitation-contraction coupling in myometrium was soon formalized (Csapo & Suzuki 1957 , Csapo 1959 , Mironneau 1973 . Recent advances have comprehensively elucidated the relationship between plasma membrane excitability properties and intracellular mechanisms that leads to cellular contractions (Wray et al. 2015) .
In 1963, Csapo and Takeda (Csapo & Takeda 1963) reported that when in active labor, uterine bioelectrical signals were expressed in 'synchrony' with the generation of intrauterine pressure. Using rabbit data to create a model and then testing the predictions of the model in human, Csapo proposed that local contractions are created by localized bioelectrical discharges of the myometrium (Csapo & Takeda 1965) . He defined contractions that remained local as 'nonpropagating' and labor contractions as 'propagating' (Csapo 1970a) . These terms were likely chosen to emphasize that his concept for all uterine signaling involved action potential propagation.
Connexin 43 is the protein responsible for cell-tocell electrical coupling in the heart, and Garfield's discovery of connexin 43 in the uterus (Garfield et al. 1977 ) provided a mechanism for uterine electrical communication. Through the 1980s and 1990s, emerging data supported the concept that connexin 43 increases myometrial excitability, and inferred that action potential propagation is the mechanism for both short-and long-distance electrical signaling (Garfield et al. 1995) .
Through the end of the twentieth century, action potentials were thought to perform three important functions: initiating and maintaining cellular contractions, recruiting cells for participation in the contraction, and organ-level signaling to coordinate contractile activity in all parts of the uterus. Yet discrepancies arose when experimentally testing action potential propagation as the mechanism for signaling long distances.
Problems with action potential propagation as a mechanism for tissue recruitment over long distances
Tissue recruitment occurs during the rising phase of a contraction, which lasts approximately 20 s in human. There are two ways that a single propagating action potential can signal long distances within that time. First, a slowly moving action potential can travel in a straight path. Assuming the starting point is on the front wall, travel to the back wall is a distance of about 40 cm. Thus, speeds greater than 2 cm/s would be sufficient to accomplish this, and these values are routinely observed in human (Rabotti et al. 2010 , Rabotti & Mischi 2015 and rodent (Lammers 2013). However, there is a significant doubt that myometrial action potentials travel in straight paths. In sheep (Parkington et al. 1988) , rodent ( Lammers et al. 2008) , and human (Mikkelsen et al. 2013 , Rabotti & Mischi 2015 action potentials are not found to travel linearly. The highest resolution electrical mapping of myometrium is in the guinea pig, which reveals that action potentials diverge and loop through tortuous paths, self-terminate, and usually do not propagate more than a few centimeters (Lammers et al. 2008) (Fig. 1) . In their recent review, Rabotti and Mischi (2015) concluded that electrical propagation in human is unpredictable and demonstrates complex patterns.
The second way a single action potential can accomplish global recruitment is by traveling tortuous paths very rapidly. In the laboring uterus, very fast speeds have been reported, even exceeding 80 cm/s (Lucovnik et al. 2011) . These values have been questioned (Rabotti et al. 2011) , however, since a technique using high-resolution EMG (64 electrode grid, 4 mm spacing) was required to clearly resolve propagating action potentials, and speeds measured during active labor were less than 4 cm/s (Rabotti et al. 2010) .
Additionally, an action potential propagation mechanism implies that tissue recruitment is contiguous and occurs without skipping over large areas. Using a 152 element array of superconducting quantum interference devices (SQUID), Ramon and coworkers (2005) found that localized biomagnetic activity (and by direct inference, bioelectrical activity) appeared suddenly in random locations that were not contiguous or anatomically related to each other (Fig. 2) . The size of individual hot spots in the SQUID array was consistently found to be between 6 and 10 cm. If the myometrium within the localized activities is recruited by action potential propagation, this suggests that the maximum distance an action potential can propagate is 6-10 cm.
Hence the enigma -action potentials appear to propagate slowly in tissue, in complex pathways, noncontiguously, and over only short distances. This makes it difficult to envision how global recruitment can occur within 20 s. Furthermore, the mechanism needs to be highly reliable, since strong contractions must be repetitively generated for effective labor. If signaling long distances by propagation of a single action potential seems unrealistic, then it is reasonable to consider other mechanisms.
Mechanotransduction for organ-level signaling
In 1947, Bozler (1947) reported that distention of the renal end of a dog ureter resulted in changes in electrical potential and a contraction that propagated down the ureter. Even though the ureter is not pressurized, this was the clear evidence that a visceral smooth muscle utilized mechanotransduction to express normal physiology. However, mechanical mechanisms for expression of normal uterine function have been investigated only sporadically.
The first experimental report to indicate mechanotransduction might be important in organ-level signaling for the uterus appeared in 1965 by Takeda, who studied the repressurized postpartum rabbit uterus (Takeda 1965) . In this clever experiment, the electrical activity of two halves of a uterine horn was synchronized solely by mechanotransduction operating through 'hydrodynamic' signaling and intrauterine pressure (Fig. 3) . Despite the likelihood that the experiments were performed in Csapo's lab, Csapo's name did not appear with Takeda's on the hydrodynamic signaling publication. Additionally, Takeda's publication was not included in Csapo's 1970 review of the field (Csapo 1970a,b) , although Csapo did describe how hydrostatic effects can be applied to the uterus using Laplace's Law. In 1979, Wolfs and van Leeuwen (Wolfs & van Leeuwen 1979) reviewed the field again. With 222 references dating as far back as 1871, their manuscript also failed to include Takeda's paper, and did not mention Csapo's analysis of uterine hydrostatics using Laplace's Law. It is not clear if subsequent research efforts were adversely influenced by the apparent lack of support for the model by leaders in the field, but it would be almost two decades before another report appeared that tested the hydrodynamic model.
In 1984, Sigger and coworkers (1984) studied a 3 cm tissue flap partially isolated in situ from the uterus of pregnant sheep. They found that electrical continuity was required for contraction of the flap to coincide with the uterine contraction, and Takeda's hydrodynamic mechanical mechanism, in particular, did not seem necessary. These results supported a model that utilized action potential propagation for all uterine signaling, and contributed to mechanotransduction being considered irrelevant to normal labor. However, the same group, again using the pregnant sheep model, came to the opposite conclusion 4 years later when longer distances were considered (Parkington et al. 1988) . Here, they measured uterine electrical activity from multiple surgically implanted electrodes separated by distances that varied from 1 to 16 cm and found that electrical activity rarely propagated more than 3 cm (Fig. 4) . While unable to resolve the mechanism of signaling used to coordinate contractile activity over distances greater than 3 cm, they speculated on the participation of an 'intrauterine fluid wave', and specifically noted that this mechanism was previously suggested by Takeda. For unclear reasons, the questions raised by this second paper were not immediately investigated in detail. For the next two decades, with only a few exceptions, little thought was given to mechanotransduction.
Barclay and coworkers (2010) published a mathematical simulation of global uterine function that was general enough to include mechanotransduction as a signaling mechanism. They assumed that a local contraction could directly initiate other local contractions, but limited the interactions to physically adjacent tissues. This formulation overcomes the problem that action potential propagation distances are limited, but because only near-neighbor interactions were included, the long-distance signaling properties were similar to those of long-distance action potential propagation. As a result, inconsistencies with empirical data persist.
Uterine electrogenic pacemakers
The nature and role of uterine pacemakers have long been a source of controversy (Lammers 2013). Fundamental physiological questions remain unanswered (Rabotti & Mischi 2015) , including the number of pacemakers the In the heart-like model, the uterus has one electrogenic pacemaker at a fixed location, although data have consistently refuted this assumption. Caldeyro-Barcia's data demonstrated that there are at least two pacemakers located on each side of the fundus (Caldeyro-Barcia & Poseiro 1959) . He also showed that some contractions did not originate from the fundus (Caldeyro Barcia & Alvarez 1952) , although in his 'triple desending gradient' model, normal contractions only originate from one of the pacemakers in the fundus.
After finding pacemaking activity at multiple sites in normal laboring patients, Csapo did not restrict the possible locations or suggest they are fixed (Csapo 1970b) . He indicated that the activity of one pacemaker causes one local contraction, and there are several pacemakers in the uterus. But like Caldeyro-Barcia, he assumed that in labor, there is only one propagating contraction that is initiated by one pacemaker.
In 1971, Wolfs and coworkers (1971) used up to three pairs of EMG electrodes placed within the uterine cavity of near-term women while simultaneously measuring intrauterine pressure. Supporting the findings of Csapo, they noted that the location of the initial bioelectrical signal is not necessarily at the fundus, and additionally, the location varies from contraction to contraction in the same patient. Observing the progression of a patient from early labor to late labor, they noted that the bioelectrical signals 'synchronize' with pressure generation as labor progresses (Fig. 5) . (The terminology may have been adapted from Csapo and Takeda (1963) , who reported 'synchrony' of three uterine EMG signals at different sites in the rabbit.)
In their 1979 review, Wolfs and Van Leeuwen (1979) formulated a new model of organ-level function based largely on their own findings. They defined the 'contractile unit' as a localized contraction that results from the activity of one pacemaker, which is analogous to Csapo's 'local contraction'. However, in the Wolfs-van Leeuwen model, a coordinated contraction of labor results from simultaneous activity of many contractile units. This is significantly different from prior models since they proposed that multiple pacemakers are activated during a single contraction of labor. They clearly state that the mechanism for coordinating the contractile units is "open to speculation", but immediately follow this by arguing that coordination occurs via a unifying action potential propagating throughout the uterus. Their support for a conventional action potential mechanism is not unexpected, since this paper was written immediately following the first report of uterine gap junctions (Garfield et al. 1977) .
Mechanical sensitivity of the pacemaker
More experimental details appeared in Wolfs and van Leeuwen's 1979 review (Wolfs & van Leeuwen 1979) describing how the 1971 data in Fig. 5 were obtained. This patient underwent balloon induction of labor for pre-eclampsia. While not explicitly stated, it is reasonable to assume that inflation of the balloon was intended to clinically initiate labor, and the patient was not experiencing significant contractions before induction. It was previously shown that foley balloon inflation ripens a closed cervix (Embrey & Mollison 1967) , but the links between mechanical stimulation, bioelectrical activity, and uterine contractions were problematic, and the data were not interpreted in this manner.
It is possible, however, to interpret these data based solely on hydrostatics and biomechanics. In this analysis, acutely inflating the balloon increases intrauterine volume and pressure. According to Laplace's Law, increased pressure increases wall tension, or stress, throughout the uterus. (Stress is tension per cross-sectional area.) The muscle elongates in response to increased stress, which drops pressure somewhat, but at a cost to wall thickness. As the uterine wall is not homogeneous, some areas of the wall experience more thinning relative to other areas, and the thinner areas will be more stressed. In summary, pressure and stress are greater at all areas of the uterine wall after balloon inflation than before, with some areas of the wall experiencing larger increases of stress than others.
About 100 min after balloon inflation (Fig. 5A ), moderately coordinated contractions occurred every 3 min, which generated moderate peak pressures (55 mmHg). Relatively brief bioelectrical signals were also seen occuring at a very fast rate (2-3/min). This indicated that the electrode was sampling several contractile units (using Wolfs' terminology), or one contractile unit which was expressing a very high activity rate. The contractile unit, or units, generating these bioelectrical signals were not coordinated with the dominant contraction. Five hours later, the sampled contractile unit(s) coordinated with the others, and peak pressures increased to 80 mmHg (Fig. 5B) . Regardless of whether the electrode sampled one or more contractile units, the conclusion is that mechanical distention of the uterus greatly increased the activities of many pacemakers, and only a short time was required to create moderately coordinated contractions. Over a somewhat longer time, coordination of the pacemakers improved and peak pressures increased.
The observation that uterine distention increases uterine forces was previously reported by Csapo and coworkers, who transabdominally injected 500 mL isotonic solution directly into the uterine cavity. Csapo, of course, famously attributed the onset of labor to progesterone withdrawal, and explained these data based on the 'volume-to-progesterone ratio' (Csapo & Lloyd-Jacob 1963) . Thus, while both Csapo and Wolfs had evidence that over-distending the uterus enhances pacemaker activity, neither proposed that the mechanism was based on mechanotransduction, or that mechanical properties of the tissue actively influence contractions of labor.
In vitro isometric muscle bath experiments also support the concept that there are many uterine pacemakers. In these experiments, essentially, any small strip of uterine tissue obtained in mid or late pregnancy can spontaneously generate electrical activity and contractions. Each small tissue strip can, therefore, be said to contain an electrogenic pacemaker, and using this reasoning, a lower limit on the number of pacemakers in the entire uterus would, therefore, be in the thousands.
In the muscle bath, a small amount of tension must be placed on the tissue or it will not express pacemaker activity and contractions. This implies that electrogenic pacemakers are dependent on mechanical tension. To investigate the ability of mechanical force to initiate pacemaker activity and synchronize contractions, a twotissue experiment was performed (Young & Goloman 2011) (Fig. 6) . The tissues were fully isolated in separate experimental chambers, then mechanically linked endto-end with a frictionless bridge. Contact electrodes were placed on each tissue to record the timing of each tissue strip's electrical activity. Occasionally, the strips would coordinate contractile activities through the mechanical interactions, and express nearly synchronous electrical activity. As shown in the insert in Fig. 6 , both electrical activity and force production of the "following" tissue begin after the onset of the tension caused by the "leading" tissue. Additionally, the electrical activity of the following tissue precedes its force production. This experiment demonstrates that tension caused by the leading tissue induced electrical activity in the following tissue, which resulted in contraction of the following tissue. In summary, there is good support for the existence of multiple electrogenic pacemakers within the uterus, and that at least some are sensitive to mechanical stimulation. The question is, what synchronizes the pacemakers in laboring patients in vivo?
Formulating the dual model
The dual model is based on three premises (Young & Barendse 2014) . First, the localized bioelectrical activities observed in the SQUID array suggest that action potentials travel distances no more than 6-10 cm, so long-distance propagation of one action potential is not the mechanism that coordinates uterine contractions at the level of the whole organ. Second, there are a number of mechanically sensitive electrogenic pacemakers distributed throughout the uterine wall, which initiate a number of tissue-level action potentials during each contraction. Third, coordinated activation of the pacemakers across long distances is accomplished using a mechanism involving intrauterine pressure, wall tension, and mechanotransduction.
The dual model can be summarized as follows (Fig. 7) : If a localized contraction is expressed, the intrauterine pressure would increase slightly. Tension would increase proportionately and rapidly throughout the uterine wall because pressure is the same everywhere within an enclosed pressurized cavity (Pascal's principle). The higher tension would then recruit mechanically susceptible pacemakers regardless of physical location relative to the initial contraction. In this manner, a globally coordinated uterine contraction can be generated following a local event. This mechanism is similar to the hydrodynamic mechanism proposed by Takeda, but since bulk movement of fluid is not necessary, the mechanism is more correctly described as hydrostatic mechanotransduction.
Step-wise description of the dual model ( contractions of labor)
1. The uterus is a hollow spheroid, filled with an incompressible fluid, and intrauterine pressure is on the order of 10 mmHg. Between contractions, there is little or no electrical or contractile uterine activity, although the baseline pressure places a baseline tension on the myometrium throughout the uterine wall. 2. An electrogenic pacemaker initiates an action potential at a random location within the uterine wall. Initiation could be spontaneous or mechanically induced. 3. A tissue-level action potential, or burst of action potentials, propagates 6-10 cm in 2-3 s and then terminates. Myometrium contracts when, and only when, it experiences an action potential. This local contraction is defined as a 'regional' contraction because it is limited to the region of the uterine wall that expresses one action potential event. Regions include the full thickness of the wall, and 6-10 cm in each of the two dimensions across the uterine surface. If the average-size is 8 × 8 cm 2 , and assuming a spherical uterus containing 5 L, the uterine wall is composed of approximately 22 regions. 4. The first regional contraction slightly raises the intrauterine pressure. 5. The increased intrauterine pressure increases wall tension according to Laplace's Law; T = P*r/2w, where T is the local wall tension (technically stress), P is the intrauterine pressure, r is the local radius of curvature, and w is the local wall thickness. Because of the dependency on local parameters, the amount of tension experienced at different locations will vary, even though the same intrauterine pressure is shared by all areas of the uterine wall. 6. A local increase in wall tension activates another mechanically sensitive pacemaker. There are no restrictions on the location of the new pacemaker site, since the wall tension increases throughout the uterus. 7. Activation of the newly recruited pacemaker initiates a propagating action potential, resulting in a regional contraction at the new location. 8. With contraction of another region, intrauterine pressure rises even more, wall tension throughout the uterus increases again, more mechanosensitive pacemakers are activated, and more regions are recruited to participate in the contraction. The process then repeats. This mechanism can be summarized as 'pressuretension-mechanotransduction'. Long-distance signaling is accomplished by the hydraulic (pressure-tension) components of the mechanism, while mechanotransduction recruits pacemakers. 9. This positive-feedback mechanism recruits regions in parallel, and provides a robust means to synchronize the activities of the mechanically sensitive pacemakers and coordinate the uterine contraction. The positive-feedback mechanism explains how the uterus repetitively generates consistently high intrauterine pressures during active labor. 10. Each region relaxes after a time determined by the metabolic and electrical properties of the tissue. After contracting, the tissue of a region enters a refractory period and then resets to become available for pressuretension-mechanotransduction recruitment and participation in the next contraction.
The relationship between wall tension and intrauterine pressure in steps 1-10 deviate slightly from Laplace's Law because it does not consider the following: (a) noncontracting regions elongate slightly with pressure rises and (b) the uterus becomes more spherical as intrauterine pressure rises. Elongation of noncontracting regions always tends to blunts pressure rises and slow pacemaker recruitment early in the contraction, but shape change creates more complex effects. Becoming more spherical decreases the surface area-to-volume ratio, which always tends to reduce pressure. However, changing shape may tend to either increase or decrease the local stress on a region depending on location. Between contractions, the front and back walls are relatively flat (large radius of curvature). When a contraction begins, these regions become more curved (the local radius of curvature decreases), which tends to decrease wall stress and slow pacemaker recruitment. The opposite occurs on the sides and fundus, which are more highly curved between contractions. As the contraction builds, deviations from Laplace's Law are reduced as a more spherical shape is achieved and the number of active regions begins to exceed the number of inactive regions. A comparison of the key elements of the dual model and the other models discussed in this paper are presented in Table 1 .
Transition into labor
In addition to helping understand experimental data, a major goal of the dual model is to provide a framework to explain the transitions from quiescence, to prelabor, and then to labor. In the dual model, pre-labor contractions do not activate enough mechanically Figure 7 Dual model of pre-labor and labor contractions. Pre-labor: many potential sites of mechanosensitive pacemakers are distributed throughout the uterine wall (indicated by arbitrary location of green spots). In pre-labor, pacemakers are randomly and infrequently activated. Activation of a pacemaker initiates a propagating action potential (black arrow). The distance an action potential can propagate is limited, which results in a regional contraction (red). The first regional contraction slightly elevates intrauterine pressure (P). Local wall tension increases throughout the uterine wall, but fails to mechanically activate other pacemakers. Labor: as with pre-labor, the contraction of the first region elevates intrauterine pressure and increases tension. The increased wall tension activates a second mechanically sensitive pacemaker and a second regional contraction, which further raises pressure. Higher pressure creates even greater wall tension, causing activation of more mechanically sensitive pacemakers in parallel. The feedback process continues until all mechanically sensitive pacemakers have activated most regions of the uterus at the same time.
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www.reproduction-online.org Reproduction (2016) 152 R51-R61 sensitive pacemakers to enter the positive-feedback phase for recruitment of regions (steps 6-10). This suggests that the uterus transitions into a labor phenotype by going through the following phases:
1. expression of the cellular components required for membrane excitability and excitation-contraction coupling, including electrogenic pacemaker activity; 2. expression of connexin 43 to allow coupling of individual myocytes into a tissue-level syncytium, and the ability to propagate tissue-level action potentials over distances of 6-10 cm; 3. expression of mechanical sensitivity of the electrogenic pacemakers.
The transition from quiescence to pre-labor is progressively accomplished through phases 1 and 2. The onset of labor occurs with phase 3, and emphasizes the clinical importance of mechanotransduction. Because contractions of labor utilize an entirely different signaling mechanism, the dual model identifies contractions of pre-labor and contractions of labor as fundamentally different.
Resolving discrepancies of data on long-distance signaling in the context of the dual model
As detailed in the section 'Problems with action potential propagation as a mechanism for tissue recruitment over long distances', empirical data do not easily support an action potential propagation mechanism for long-distance signaling. The three key problems are summarized here, and interpreted in the context of the dual model: First, there are limits on the distances action potentials can propagate. The dual model accepts that action potentials terminate after propagating ~6-10 cm. This distance establishes the size of each region. Second, action potential propagation is slow and tortuous, and would require long times to activate the entire uterus. In the dual model, action potential propagation recruits tissue only within regions, not over long distances. Because regions are small, pathways can be tortuous and still require less than a few seconds to complete tissue recruitment. Third, uterine bioelectrical activities arise randomly, at distant sites, and without continuous propagation pathways. Pressure-tension signaling occurs rapidly throughout the entire uterine wall regardless of the physical location of the regions previously activated. Recruitment is not restricted to near-neighbor interactions. Once a contraction is initiated, regions are recruited in parallel rather than in series or contiguously. There are no necessary or preferred directions for action potential propagation within regions because there is no near-neighbor signaling requirement. Hydraulic signaling requires only a fraction of a second to travel to all parts of the uterine wall. The mechanotransduction step is rate limiting, and depends on the mechanical sensitivity of each pacemaker.
Clinical implications pressure-tensionmechanotransduction
Intrauterine pressure is a product of uterine contractions in all models, but in the dual model, intrauterine pressure is uniquely a key intermediary in the mechanism of long-distance signaling. Hence, the dual model anticipates that any clinical variable that affects pressure or local wall tension will also affect the expression of labor. From Laplace's Law, the parameters are resting pressure, local wall thickness, and the local radius of curvature. As examples, local wall tension would increase with iatrogenic uterine over-distention , Wolfs et al. 1971 ) (increased resting pressure, thinning of wall), chronic over-distention resulting from hydramnios or multiple gestation (thin uterine wall), and uterine anomalies or myomas distorting the wall (large or irregular local radius of curvature). Interestingly, these clinical conditions are also associated with preterm labor, suggesting that myometrial biomechanics may directly relate to abnormal labor.
Research areas underrepresented
It is clearly important to understand all aspects of uterine contractility, but going forward, it is reasonable to emphasize areas that previously have been understudied. Specifically, there has been a lack of emphasis on myometrial mechanical properties and mechanotransduction, largely because it has not been fully appreciated how these areas are relevant to normal and abnormal labor. If organ-level coordination is to be understood, the study of the mechanical sensitivity of pacemaker activity also seems necessary. Finally, one of the goals of an organ-level model is to provide a framework for predicting clinical effects based on changing cellular events. The dual model proposes that regions are functional intermediaries residing between cell and organ function, and that they need to be considered when assessing the emergent properties of an unstable system (Banney et al. 2015) . The dual model offers a uniting framework that provides an opportunity to further incorporate both novel and discarded concepts, with a goal of identifying new methods to evaluate and treat abnormal labor.
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